Topiramate is a widely used antiepileptic agent whose mechanism of action is poorly understood. The drug has been reported to interact with various ion channel types, including AMPA/kainate receptors. In whole-cell voltage-clamp recordings from principal neurons of the rat basolateral amygdala, topiramate at low concentrations (IC 50 , ϳ0.5 M) selectively inhibited pharmacologically isolated excitatory synaptic currents mediated by kainate receptors containing the GluR5 subunit. Topiramate also partially depressed predominantly AMPA-receptor-mediated EPSCs, but with lower efficacy. Topiramate did not alter the degree of facilitation in paired-pulse experiments, and it reduced the amplitude of miniature EPSCs without affecting their frequency, demonstrating that the block of synaptic responses occurs postsynaptically. Inhibition of GluR5 kainate receptors could represent a key mechanism underlying the anticonvulsant activity of topiramate. Moreover, these results support the concept that GluR5 kainate receptors represent a novel target for antiepileptic drug development.
Introduction
Topiramate [2,3:4,5-bis-O-(1-methylethylidene)-36-D-fructopyranose sulfamate] is a structurally novel antiepileptic drug that is approved for use in the treatment of partial seizures, primary generalized seizures, and seizures associated with Lenox-Gastaut syndrome in children (Glauser, 1999; Jette et al., 2002) . Several cellular mechanisms have been proposed to underlie the therapeutic activity of topiramate, including (1) activity-dependent attenuation of voltage-dependent sodium and calcium currents (Zona et al., 1997; Taverna et al., 1999; Zhang et al., 2000) ; (2) potentiation of GABA Areceptor-mediated currents (White et al., 1997 ; and (3) inhibition of AMPA/kainate receptors (Gibbs et al., 2000; Skradski and White, 2000; Smith et al., 2000) . The relative importance of any of these mechanisms in the clinical activity of topiramate is not well defined. Nonetheless, the potential action of topiramate on AMPA/ kainate receptors is intriguing inasmuch as drugs that block these receptors are highly effective in animal models used in the screening of antiepileptic drugs, but no other clinically used antiseizure medication targets these receptors at therapeutic concentrations (Rogawski, 2002 ).
The conclusion that topiramate blocks AMPA/kainate receptors is based on studies in cultured rat hippocampal neurons in which the drug was shown to produce a slow depression of inward currents activated by the perfusion of kainate but not NMDA (Gibbs et al., 2000) . In addition, the drug blocked kainate-induced activation of AMPA/kainate receptors in cultured cerebellar granule neurons (Skradski and White, 2000) . Kainate is an agonist of both AMPA and kainate receptors (Bleakman and Lodge, 1998), so it was not possible in these studies to distinguish between the effects of topiramate on these two receptor types.
We have recently demonstrated that electrical stimulation of afferents in the external capsule (EC) can evoke excitatory synaptic responses in principal neurons of the basolateral amygdala (BLA) that are mediated by multiple ionotropic excitatory amino acid receptors, including NMDA, AMPA, and kainate receptors (Li and Rogawski, 1998; Li et al., 2001) . The various components of the excitatory synaptic response can be separated using selective pharmacological antagonists. In particular, the NMDAreceptor-mediated component can be blocked with D(Ϫ)-2-amino-5-phosphonopentanoic acid (AP5), and the AMPA component can be selectively reduced by appropriate concentrations of 2,3-benzodiazepines such as GYKI 52466 and GYKI 53655 (Paternain et al., 1995; Wilding and Huettner, 1995) . In the presence of NMDA and AMPA receptor blockade, a component of the synaptic response remains that is sensitive to decahydroisoquinoline selective GluR5 kainate receptor antagonists. In the present study, we investigated the actions of topiramate on pharmacologically isolated synaptic responses mediated by AMPA and GluR5 kainate receptors. Our results demonstrate that the drug selectively blocks the GluR5 kainate-receptormediated component of the synaptic response through a postsynaptic mechanism.
Materials and Methods
Slice preparation and perfusion. Male 20-to 30-d-old Sprague Dawley rats were anesthetized with halothane and decapitated, and the brain was quickly removed and immersed in ice-cold (4°C) sucrose-based artificial CSF (s-aCSF) solution containing the following (in mM): 200 sucrose, 3 KCl, 1.25 Na 2 PO 4 , 26 NaHCO 3 , 10 glucose, 1 MgCl 2 and 2 CaCl 2 oxygenated with a mixture of 95% O 2 and 5% CO 2 , pH 7.4, 300 mOsm/l. After incubating in the s-aCSF solution for 90 sec, the rostral portion of the brain was separated, by cutting with a razor blade just below the middle cerebral artery, and discarded. The hemispheres were then divided by a midsagittal cut; one hemisphere was temporarily returned to the s-aCSF bath and the other was glued to a glass Petri dish with the cut rostral surface down and the caudal end of the brain up. The brain was cut into 450 m thick sections using a vibrating slicer (Model 1000; Vibratome, St. Louis, MO) while being stabilized by a block of agar. The three slices containing the BLA immediately rostral to the lateral ventricles were collected for recording. An additional three slices were later obtained from the second hemisphere.
The slices were held for 1 hr in an incubation chamber of warmed (36°C), continuously oxygenated (95% O 2 and 5% CO 2 ) aCSF containing the following (in mM) 130 NaCl, 3 KCl, 1.25 Na 2 PO 4 , 26 NaHCO 3 , 10 glucose, 1 MgCl 2 , and 2 CaCl 2 , pH, 7.4. In experiments studying miniature EPSCs (mEPSCs), 1 m tetrodotoxin (Sigma, St. Louis, MO) was added to the perfusion solution. After recovery, individual slices were transferred to a recording chamber mounted on the stage of an upright microscope (Axioskop II; Zeiss, Thornwood, NJ). The slices were held in place with a 1 mm diameter platinum wire and were visualized by infrared differential interference contrast microscopy using a 40ϫ waterimmersion objective. The recording chamber was continuously perfused at a rate of 3 to 4 ml/min with warmed aCSF (31°C) using a gravity-fed fluid delivery system.
Whole-cell recording. Patch pipette electrodes were pulled from borosilicate glass tubing (M1B150F-4; World Precision Instruments, Sarasota, FL) and had a resistance of 5-7 M⍀ when filled with intracellular solution consisting of the following (in mM): 140 cesium methanesulfonate, 10 HEPES, 10 EGTA, 11 NaCl, 0.5 CaCl 2 , 1 Mg 2 Cl, 2 NaATP, and 0.2 NaGTP, pH 7.28, 285 mOsm/l. Lidocaine N-ethyl bromide quaternary salt QX314 (5 mM) was added to the pipette solution to prevent the generation of Na ϩ -dependent action potentials caused by a poor control of the membrane potential. Spermine (100 m) was also added to the intracellular recording solution to maintain adequate intracellular polyamines so as to preserve inward rectification of Ca 2ϩ -permeable AMPAand kainate-receptor-mediated currents (Donevan and Rogawski, 1995; Kamboj et al., 1995) . The recording electrode was positioned near the white-matter tract demarcating the medial extent of the BLA. Tight-seal (Ͼ10 G⍀) whole-cell voltage-clamp recordings were obtained from the cell body of principal neurons in the BLA using an Axopatch 1D amplifier (Axon Instruments, Foster City, CA). The cell membrane was broken into at a holding potential of Ϫ60 mV, and capacitance compensation was applied. Access resistance was regularly monitored. No cleaning of the cell somata was performed. Principal neurons were identified by oval-shaped soma, ϳ10 m in the longest extent, and a large apical dendritic trunk arising from the soma. After tentative visual identification, principal neurons were further identified by the presence of spontaneous EPSCs at both negative (Ϫ60 mV) and positive (ϩ60 mV) holding potentials (Mahanty and Sah, 1998) . The identity of some neurons with these characteristics was confirmed morphologically after filling with 0.5% biocytin and processing as described by Tó th and McBain (1998) .
Stimulation. Synaptic responses were evoked using a bipolar tungsten electrode (A-M Systems, Carlsborg, WA) placed in the EC (actually the amygdalar capsule, according to Swanson and Petrovich, 1998) . The site of stimulation was at the inferiormost extent of the visible portion of the amygdalar capsule, immediately lateral to the BLA. Square, 100 s duration unipolar pulses were applied via a constant-current isolation unit (Cygnus Technology, Delaware, PA) at an intensity of 700 -900 A to elicit a maximum synaptic response (typically Ͼ500 pA peak amplitude). The stimulation was routinely applied at 0.1 Hz. After 25 consecutive responses showed no more than 10% variability in the peak amplitude of evoked responses, the solution was changed to one containing an antagonist mixture. Synaptic currents were routinely recorded at Ϫ70 mV, except as noted.
Isolation Statistical analysis. Currents were acquired using Clampex 8.03 (Axon Instruments) at a sampling rate of 4 or 5 kHz and were ordinarily filtered using a four-pole Bessel filter with a corner frequency of 2 kHz and 80 db/decade attenuation, except when acquiring mEPSCs, in which case an eight-pole Bessel filter (Model 900; Frequency Devices, Haverhill, MA) was used, with a corner frequency of 1 kHz. The signals were stored directly to a computer hard disk for later for analysis using Clampfit (Axon Instruments). The rectification index (RI) was calculated according to the formula of Ozawa et al. (1991) 
, where I ϩ40 and I Ϫ60 are the peak amplitudes of the GluR5 kainate receptor EPSCs at ϩ40 and Ϫ60 mV, respectively, and E rev is the reversal potential determined for the cell under study. mEPSCs were detected using the template detection feature of Clampfit 9.0. Origin (OriginLab, Northampton, MA) was used for final plotting.
Results

GluR5 kainate-receptor-mediated synaptic responses evoked by EC stimulation
In whole-cell recordings from 18 BLA principal neurons ( Fig.  1 A) in separate slices, single-pulse stimulation of the EC in the absence of pharmacological antagonists evoked inward synaptic currents at a holding potential of Ϫ60 mV of mean peak amplitude 2212 Ϯ 280 pA. The mean 10 -90% rise time was 2.8 Ϯ 0.4 msec and the 90 -10% decay time was 19.3 Ϯ 2.8 msec. Perfusion with solution containing 100 M AP5, 50 M GYKI 52466, 10 M bicuculline, and 10 M SCH 50911 resulted in a 70.8 Ϯ 3.2% reduction in the peak amplitude. In an additional four experiments in which 50 M GYKI 53655, a more potent AMPA receptor antagonist (Paternain et al., 1995; Wilding and Huettner, 1995) , was substituted for GYKI 52466, there was a similar degree of inhibition of the peak response (68.0 Ϯ 8.5%), confirming that AMPA receptors do not contribute to the residual component of the current. The resistant component of the total synaptic current was completely blocked in four slices by the decahydroisoquinoline-selective GluR5 kainate receptor antagonists LY 293558 , demonstrating that it is mainly attributable to the activation of GluR5 kainate receptors (Fig.  1 B) . The decahydroisoquinoline-sensitive fraction of the EPSC representing the activation of GluR5 kainate receptors (ϳ30%) is similar to that determined previously on the basis of currentclamp recordings in BLA principal neurons (Li et al., 2001 ). The 10 -90% rise time of the resistant current was 6.1 Ϯ 1.1 msec ( p Ͻ 0.002 with respect to total current) and the 90 -10% decay time was 39.2 Ϯ 6.7 msec ( p Ͻ 0.02). Thus, the time course of the resistant current was significantly slower than that of the total current, as has been reported previously for kainate-receptormediated synaptic currents in other preparations (Castillo et al., 1997; Vignes and Collingridge, 1997) . The synaptic response was outward at positive membrane potentials and the current-voltage relationship of the peak current showed a moderate voltage dependence, as indicated in Figure 2 Topiramate reduces GluR5 kainate-receptor-mediated synaptic currents Perfusion with topiramate (1 nM to 50 M) caused a slow reduction in the amplitude of the GluR5 kainate-receptor-mediated synaptic response. There was a rapid partial depression in the peak amplitude (within 4 min after the onset of perfusion); however, maximum blockade required 40 to 50 min to develop (Fig.  1 D) . When stable recordings could be maintained for a sufficiently long period, slow recovery was obtained over the course of 5 to 30 min (Fig. 1C,D) . The concentration dependence of the topiramate blocking effect is shown in Figure 1 E. Modest inhibition was observed at concentrations as low as 1 nM. However, even at the maximum concentration tested (50 M) there was incomplete bock (79% inhibition). The 50% blocking concentration (IC 50 ) determined by interpolation was 0.46 M. Topiramate did not significantly affect the 10 -90% rise time or the 90 -10% decay time of the synaptic current, which was 10.4 Ϯ 2.3 and 36.0 Ϯ 3.9 msec for 1 M topiramate and 5.0 Ϯ 1.3 and 21.7 Ϯ 2.1 msec for 10 M topiramate. Figure 2 D shows the voltage dependence of the synaptic current amplitude before and after perfusion with 1 M topiramate (sample traces are illustrated in Fig. 2 E) . Topiramate reduced the synaptic current amplitude at all membrane potentials approximately equally (i.e., plots of the calculated fractional block values vs membrane potential had slopes that were not significantly different from 0). Topiramate, a sulfamate ester, is a weak acid (pK a , 8.66) (Maryanoff et al., 1998) that is predicted to be 5% negatively charged at a physiological pH of 7.4. If the charged form of topiramate interacts with the GluR5 kainate receptor, and if this interacting site is within the membrane electric field, the block would be relieved by depolarization. Therefore, the lack of voltage dependence is consistent with the possibility that the more abundant neutral form of the molecule is the active species and also with the hypothesis (see Discussion) that topiramate acts indirectly through a non-kainate-receptor target molecule.
Voltage dependence of topiramate block
Selectivity of topiramate block
AMPA-receptor-mediated synaptic currents were recorded with the same mixture of antagonists used for GluR5 kainate receptor responses, except that GYKI 52466 was omitted and replaced by LY 293558. Under these conditions, the mean peak current amplitude was 1594 Ϯ 398 pA, the mean 10 -90% rise time was 7.7 Ϯ 4.8 msec and the mean 90 -10% decay time was 23.2 Ϯ 4.6 msec (seven slices); the mean decay time constant value ( c ) from single exponential fits was 11.6 Ϯ 1.4 msec. Topiramate (0.1-10 M) caused a modest reduction in the peak current amplitude that was not concentration-dependent and a slightly greater inhibition of the zero time values from exponential fits to the decays (Fig.  2 B,C) . There was a concentration-dependent slowing in the fitted time constant values ( p ϭ 0.017, paired t test)
Paired-pulse facilitation
Repetitive EC stimulation with an interstimulus interval of 100 msec was associated with an enhancement of the second evoked Figure 4 . Effect of topiramate on spontaneous GluR5 kainate-receptor-mediated mEPSCs in a BLA neuron. The recording was performed in the presence of 100 M AP5, 50 M GYKI 52466, 10 M bicuculline, 10 M SCH 50911, and 1 M tetrodotoxin. A, Twenty representative aligned mEPSCs; the white trace is the average. B, Averages of 20 mEPSCs before and 15 min after onset of 10 M topiramate perfusion, and immediately after the termination of the perfusion (wash). C, mEPSCs during 15 min epochs were collected and the area (representing the charge) was determined by integration over a 60 msec period. The histogram plots the normalized integrated charge values for mEPSCs collected under the conditions as in B. mEPSCs were detected in a nonbiased manner using a scaled template procedure based on an average of five control mEPSCs. Mean Ϯ SE rise and decay time constants were control: 7.2 Ϯ 0.2 and 23.6 Ϯ 0.8 (n ϭ 480); topiramate: 4.9 Ϯ 0.2 and 16.5 Ϯ 0.4 (n ϭ 561); wash: 8.2 Ϯ 0.7 and 34.2 Ϯ 3.4 (n ϭ 73). Gaussian fits to the control, topiramate, and wash histograms gave center values of 56.0, 4.8, and 33.4 fC. Similar results were obtained in five additional experiments. synaptic response by 23.6 Ϯ 0.1% compared with the first (four slices). Topiramate (10 M) markedly depressed the amplitudes of both responses, but did not cause a significant change in the degree of facilitation (Fig. 3) . These results are consistent with the possibility that topiramate acts postsynaptically to reduce the GluR5 kainate-receptor-mediated synaptic responses.
Miniature synaptic currents
To further investigate the possible postsynaptic locus of action of topiramate, we examined the effects of 1 M topiramate on spontaneous mEPSCs mediated by pharmacologically isolated GluR5 kainate receptors in the presence of 100 M AP5, 50 M GYKI 52466, 10 M bicuculline, 10 M SCH 50911, and 1 M tetrodotoxin. mEPSCs were acquired in 15 min epochs. As shown in Figure 4 , topiramate was associated with a rightward shift in the charge distribution histogram, so that there was a 91% reduction in the central value compared with control and partial recovery to 60% of the control central value during wash. Topiramate did not reduce the mEPSC frequency (control, 0.278/sec; topiramate, 0.316/sec). Topiramate was associated with a modest speeding of the fitted single exponential mEPSC rise and decay times (32 and 30%, respectively) with recovery during wash.
Discussion
In this study, we have shown that topiramate selectively inhibits the component of the excitatory synaptic response in BLA principal neurons that is mediated by pharmacologically defined GluR5 kainate receptors and has a weaker, but still significant, depressant action on synaptic responses predominantly mediated by AMPA receptors. This supports the concept that topiramate is an antagonist of excitatory synaptic transmission through effects on AMPA and kainate receptors (Gibbs et al., 2000; Skradski and White, 2000) and suggests that kainate receptors could be a more important target than AMPA receptors. GluR5 kainate receptor responses were highly sensitive to topiramate, with a 50% reduction in the current amplitude occurring in the range of ϳ0.5 M. The topiramate concentrations producing Ͼ50% block of GluR5 kainate-receptor-mediated responses correspond well with trough topiramate serum concentrations associated with antiepileptic efficacy in clinical trials of 2-12 g/ml (5.9 -35.4 M) (Twyman et al., 1999; May et al., 2002) . This indicates that GluR5 kainate receptors are likely to be substantially blocked during topiramate therapy at clinically effective doses. In contrast, AMPA receptor responses are reduced much more modestly at these concentrations. This is not surprising because AMPA receptors are crucial for excitatory synaptic transmission throughout the CNS, and their blockade would be expected to produce dramatic neurobehavioral impairment, which does not occur with topiramate at therapeutic doses.
In addition to its anticonvulsant activity, there is evidence that topiramate may be efficacious in the treatment of chronic pain syndromes, including neuropathic pain (Chong and Libretto, 2003) . In this context, it is interesting that selective GluR5 kainate receptor antagonists exhibit antinociceptive activity in models of persistent nociceptive activation (Simmons et al., 1998) , suggesting that the GluR5 kainate blocking action could play a role in the antinociceptive action of topiramate.
Topiramate caused a marked prolongation of the duration of AMPA-receptor-mediated synaptic currents at all concentrations tested. The basis for this action was not determined, but could be attributable to effects on AMPA receptor desensitization, as occurs with drugs such as cyclothiazide (Patneau et al., 1993; Wong and Mayer, 1993 ) and other sulfonamides (Quirk and Nisenbaum, 2002 ) that differentially reduce the desensitization of AMPA, but not kainate receptors. In this regard, it is notable that both topiramate and the sulfonamide desensitization modulators contain an aminosulfonyl functional group. Because cyclothiazidelike desensitization modulators increase the peak amplitude of AMPA receptor currents (Rammes et al., 1998) , it is interesting to speculate that the differential topiramate sensitivity of AMPA and kainate receptors could be attributable to the selective reversal of AMPA but not kainate receptor block as a result of reduced desensitization. According to this hypothesis, topiramate would affect AMPA and kainate receptors similarly by interacting with a common blocking mechanism; however, the depression of AMPA receptor responses would be partially offset by a distinct effect on desensitization.
The inhibitory action of topiramate developed relatively slowly, requiring 30 min or more to achieve its full extent. In in vitro studies, topiramate often exhibits such delayed actions; this has been taken as evidence that the drug acts indirectly. For example, it has been suggested that topiramate may act on protein kinases to modify the phosphorylation state of the various receptors and ion channels with which it interacts, thereby altering their activity White, 2002) . The lack of voltage dependence of the topiramate blocking action is compatible with such an indirect action.
The selectivity of the action of topiramate on GluR5 kainate receptors versus AMPA receptors suggests that the drug acts postsynaptically. This is supported by our results with paired-pulse facilitation and mEPSCs. However, we note that topiramate, at somewhat higher but still clinically relevant concentrations, has been reported to inhibit voltage-activated Na ϩ channels in a use-dependent manner (Zona et al., 1997; Taverna et al., 1999) . Na ϩ -channel blocking antiepileptic drugs may act in part by inhibiting glutamate release (Rogawski, 2002) . Therefore, in addition to its postsynaptic actions on kainate and AMPA receptors, topiramate could, under some circumstances, also affect excitatory neurotransmission through a presynaptic action.
In conclusion, the observation that topiramate, a widely used antiepileptic agent, selectively blocks excitatory synaptic transmission mediated by GluR5 kainate receptors supports the concept that GluR5 kainate receptors could represent a novel target for antiepileptic drug development. Because selective GluR5 kainate receptor antagonists can protect against seizures in animal models without acute CNS toxicity (Smolders et al., 2002) , antiepileptic drugs that interact with GluR5 kainate receptors could protect against seizures without the untoward effects that result from the blockade of other ionotropic glutamate receptors (Lös-cher and Rogawski, 2002) .
